We consider photoelectric phenomena in a composite medium in which inclusions form a type-II heterojunction with a host matrix. The model describes, in particular, polymer-based photosensitive structures with different types of semiconducting or insulating inclusions. It is shown that the separation on nonequilibrium carriers due to interface electric fields increases the hole component of photoconductivity, decreases the electron component, and results in a substantial increase of the total photoconductivity. The effect is observed experimentally in a wide range of polymer-based composites with disparate inclusions. For photodiode structures, this same phenomena either does not change, or slightly decrease, the quantum yield.
I. INTRODUCTION
Conducting polymers provide a prospective basis for physically flexible, functionally versatile, low-cost, largearea electronic systems. Compared to inorganic elemental or compound crystals, the added degrees of freedom associated with molecular chemistry, structure, and organization broaden the range of functional application. At the same time, this added complexity poses new challenges in theory and fabrication.
Conducting polymers have benefited from extensive investigation over more than two decades. Polymer-based photoelectric devices ͑e.g., photoresistors and photodiodes͒ represent an important area for research. In spite of great progress made in this direction, the existing polymer-based devices still suffer from relatively low quantum yield. To a great extent, this may be attributed to the very low carrier mobility in polymers which prevents complete separation of photoexcited electron-hole pairs.
Recent experiments have shown that polymer photoconductivity can be improved by embedding semiconductor nanocrystals ͑including, but not limited to, CdS and CdSe͒, 1, 2 dielectric TiO 2 nanocrystals, 3 or fullerene C 60 molecules 4 within the polymer matrix. These ''sensitizers'' include disparate classes of materials-some conducting, others insulating; some absorbing/gain producting, others purely dispersive. It would seem that the photoconductivity enhancement has a general character associated with inclusion of embedded materials. It has been proposed [1] [2] [3] [4] that an increase in photoconductivity may be related to charge separation at the interface between polymer matrix and the inclusions embedded therein. In this work, we consider the theory of this effect in detail, elucidate its general features, and determine its influence on the properties of composite-based photoconductors and photodiodes.
II. MODEL BAND DIAGRAM
An essential feature of conducting polymers used in photovoltaic devices is their relatively low electron affinity , the energy separation between the vacuum level, and the lowest unoccupied molecular orbital ͑LUMO͒ ͑which plays the role of conduction band in conducting polymers͒. For the most popular conducting polymers-including polyphenylene vinylene ͑PPV͒, triphenyldiamine ͑TPD͒, polyvinyl carbazole ͑PVK͒, oxadiazole derivative ͑PBD͒-ranges from 2.3 to 2.6 eV. 5 This is less than typical electron affinities in CdS ͑3.8-4.8 eV 6 ͒, CdSe ͑4.0 eV 6 ͒, and TiO 2 ͑4.2 eV 3 ͒. Though the experimental values of even in wellstudied materials may vary from one source to another by several tenths of eV and for CdS even more, for polymers is nevertheless always much less than for all abovementioned materials. Investigations of the PPV-C 60 system 4 also demonstrate that C 60 is an electron acceptor for PPV.
In sum, in most polymer-based composites, the polymer component has a lower value of electron affinity than the imbedded material. The band gap of the latter can be larger than that of the polymer ͑as in TiO 2 ) or smaller typically by only 0.1-0.5 eV ͑as in CdS and CdSe͒. Given these parameters, the energy band diagram of the system has a form shown in Fig. 1͑a͒ . This is known in semiconductor structures as a type-II heterojunction. Thus, our aim will be to analyze the main light-induced regularities in composites consisting of the materials which form the type-II heterojunction. The model which we elaborate is applicable both to polymer-based mixtures and also to purely inorganic semiconductor quantum dot structures in type-II heterosystems, such as In 1Ϫx Ga x As-GaSb 1Ϫy As y 7 or CdS-PbS. 8 While a great number of publications are devoted to the type-I quantum dots with simultaneously confined electrons and holes, the properties of type-II dots, particularly, their photoelectric characteristics, remain almost uninvestigated.
In the presence of illumination the band diagram of Fig.  1͑a͒ will be altered due to the charge of nonequilibrium carriers. During the initial period of excitation, electrons are captured by the potential well, giving rise to an accumulating of negative charge ϪQ therein. An equal number of holes in the surrounding matrix provide screening of this charge. The resulting band diagram is shown schematically in Fig. 1͑b͒ . If we assume the inclusion to have a spherical shape with the radius a, then the electric field at the interface
where ⑀ e is the dielectric constant of polymer matrix. The amplitude of band bending V 0 cannot be found from these approximate considerations, since this is determined by the distant potential tail rather than by the thin region with large p close to the interface. V 0 is readily estimated from another consideration. Since the potential in accumulation layers varies logarithmically ͑see, e.g., Ref. 9͒, V 0 ӍkT ln(l/r s ), where lϭN Ϫ1/3 is the average distance between inclusions. N is the density of inclusions and r s ϭ(4p 0 e 2 /kT) Ϫ1/2 is the effective screening length. In the absence of external current, the number of holes given by Eq. ͑2͒ must be equal to the number of electrons Q/e, which eventually gives the relationship between Q and the hole concentration near the interface, p 0
An independent equation, which links Q with p 0 and allows them to be found separately, is deduced from recombination-generation carrier balance. The answer depends on the relationship between band gaps in the polymer matrix E g e and in the inclusion E g i and is derived below considering different possible cases. We assume that electrons in the conduction/LUMO band and holes in the valence/highest occupied molecular orbital ͑HOMO͒ band are in a quasiequilibrium and distributed in the potential relief according to the Boltzman formula. The validity of this assumption is discussed in Sec. III.
A. Narrow-gap inclusions
In polymer-based composites with semiconductor nanocrystals inclusions, such as PPV-CdS and PPV-CdSe, 1,2,10,11 the valence band offset ⌬ v is less than that in the conduction band ⌬ c . As a result, the recombination of electrons inside and holes outside inclusions occurs via hole activation over the potential barrier ⌬ v . If the light frequency , with E g i ϽបϽE g e , illuminates the structure, then both generation and recombination occur only inside inclusions. When the recombination rate described by the bimolecular quadratic expression ␥ i np, the balance between generation and recombination at steady state is given by
where G i is the optical generation rate in the inclusions and N v i,e are the effective densities of states in the valence bands of inclusion (i) and matrix (e). Together with Eq. ͑3͒, this allows solution for the electron charge
͑5͒
If បϾE g e , the formula should be modified to reflect the fact that nonequilibrium carriers are generated mostly in the matrix rather than in the inclusions. This entails replacing 4a 3 G i /3 in Eqs. ͑4͒ and ͑5͒ by G e /N.
B. Wide-gap inclusions
For dielectric wide-gap inclusions, such as, TiO 2 , 3 there are two main distinctions for the physical picture as compared with that of the previous subsection: ͑i͒ carriers are generated only in the polymer matrix; ͑ii͒ the energy barrier for electrons ⌬ c is smaller than for holes ⌬ v , and recombination occurs predominantly in the matrix. If electrons and holes separately are in a quasiequilibrium, then the recombination rate at all points in the matrix has the same value 3␥ e p 0 
III. CHARGE SEPARATION AND PHOTOCONDUCTIVITY IN A POTENTIAL RELIEF
We discuss the general features of charge separation in a semiconductor with a built-in nonuniform potential V(r) having the characteristic spatial length l and amplitude V 0 .
The principal properties of nonequilibrium carriers in the system are determined by the relationship between the recombination time r and the characteristic time of charge separation in internal electric fields s ϳel 2 /(V 0 ) where is the carrier mobility. If r Ͻ s , then drift in the internal electric field does not noticeably shift carriers during their lifetime, so that the carrier separation is negligible. In contradistinction, at r Ͼ s the separation is essential and results in the formation of quasiequilibrium distributions of electrons and holes in the potential relief V(r). 12 If the charge separation is negligible, nϭ pϭͱG/␥, so that r Ӎ1/(␥n) Ӎ1/ͱ␥G and the condition r Ͼ s can be written as
Even for very low carrier mobilities typical of conducting polymers, Eq. ͑7͒ is satisfied at sufficiently low enough light intensities. The carriers then obey a quuasiequlibrium distribution. If a strong inequality opposite to Eq. ͑7͒ is satisfied, then the quantum yield of photosensitive devices, especially photodiodes considered in Sec. IV, is very low. This case is of little practical interest, and we therefore restrict our analysis to the quasiequilibrium case Eq. ͑7͒. The use of the Boltzmann distribution in describing occupation statics also depends on these conditions being satisfied.
In the absence of current, and with carriers in quasiequilibrium, electrons and holes can be described by the constant quasi-Fermi levels n and p which can be directly obtained from Eqs. ͑5͒ or ͑6͒. Measuring energies from the inclusion conduction band edge ͑see Fig. 1͒ , the quasi-Fermi levels in the cases of narrow-gap inclusions illuminated under the condition
As previously mentioned, when បϾE g e , 4a 3 G i /3 is replaced by G e /N. For wide-gap inclusions
͑9͒
To calculate the photoconductivity, we must take into account the detailed spatial distribution of electron and hole currents. The inclusions are characterized by a very high electron concentration, in principle favoring conduction, but their nearest neighborhood presents a high barriers for electrons. For this reason, the electron current is determined by the regions far from inclusions. Here, the electrical potential and electron concentration are maximal relative to the rest of the matrix.
In contrast, the hole current is carried by the spherical shells surrounding the inclusions, and through the local potential minina connecting them ͑Fig. 2͒. For both electrons and holes, the saddle region of maximal resistance which determines the current lies approximately halfway between neighboring inclusions. The electron and hole energies in this region, which in fact represent percolation levels ⑀ n,p in the conduction and valence bands ͑see, e.g., Ref. 13͒, are approximately equal to ⌬ c ϪV 0 and ⌬ c ϪE g e ϪV 0 , respectively. ͑To be more exact, for a random position of inclusions, the saddle points for electrons and holes do not coincide and have slightly higher carrier concentrations which is typical for a three-dimensional percolation.
14 However, for a logarithmically varying potential V(r) this factor is of a minor importance and for our semiquantitative analysis can be neglected.͒ To obtain the electron and hole photoconductivities of the composite system, we note that V 0 ӍkT ln(l/r s ), and p 0 which determines r s is given by Eqs. ͑3͒, ͑5͒, and ͑6͒. We find 
2 ͱ⑀ e a ⌬ n,p ӷkT, then, due to exponential factors in Eqs. ͑10͒-͑15͒, n Ӷ n 0 but p ӷ p 0 . Thus, except for the case of anomalously low p compared to n , the presence of inclusions increases photoconductivity of the system, which, in this case, occurs purely by hole conduction.
Similar photoconductivity growth occurs in chemically uniform semiconductors with a random electrostatic potential V(r) caused by strong compensation, irradiation, grain boundaries, etc. 12 The effect is caused by charge separation in the built-in potential V(r), which created a potential barrier for recombination ⌬ r exponentially increasing the lifetime and, hence, the concentration of nonequilibrium carriers. Though V(r) also creates also a potential barrier for carrier transport, thereby suppressing conductivity, this drift barrier ⌬ d is less that ⌬ r so that their joint influence results in increased photoconductivity. In the case of the two-phase system considered herein, similar arguments can be applied. In inhomogeneous crystalline semiconductors, the photoconductivity increases as the temperature decrease. In polymer-based structures, this may not be the case in spite of the explicit exponential factors in Eqs. ͑11͒, ͑13͒, and ͑15͒. The hopping character of polymer conductivity implies a mobility p with an activation temperature dependence of opposite sign, so that the total character of p vs T dependence remains indefinite.
It is worthwhile to follow the change in photoconductivity with the concentration of inclusions N. Equations ͑11͒ and ͑15͒ show a weak increase of p with N. This occurs because the drift barrier for holes is lowered as the interinclusion distance is decreased and the height of potential profile V 0 lowered. On the other hand, if carriers are generated in the wide-gap matrix but recombine in the narrow-gap inclusions, then the recombination rate increases with N. The corresponding decrease in carrier concentration compensates the above-mentioned decrease of ⌬ d so that p remains independent of N ͓see Eq. ͑13͔͒.
Qualitative changes occur at 4Na 3 /3Ӎ0.2when percolation through inclusions becomes possible. At larger N, electrons can move from one inclusion to another across the whole sample, and the drift barrier for electrons disappears. The drift barrier for holes also disappears since the regions of maximal hole concentration lie near the matrix-inclusion interface and become connected simultaneously with inclusions. At the same time, electrons and holes remain spatially separated and the recombination barrier is still determined by the band offsets. As result, at this critical concentration of inclusions, the partial photoconductivities of both electrons and holes ͑especially, electrons͒, and, hence the total photoconductivity, must show a marked increase.
IV. QUANTUM YIELD OF A PHOTODIODE
In this section we calculate the quantum yield of a polymer-based photodiode structure. We assume that the photosensitive material occupies the region 0ϽxϽL with the electron-injecting contact at xϭ0 and the hole-injecting contact at xϭL. The voltage U is applied between contacts, giving rise to the internal electric field EϭU/L.
For comparison, we consider a homogeneous polymer containing no inclusions. For a sufficiently large field, we can neglect carrier diffusion and focus on drift. We write the continuity equations for electrons and holes n E dn dx ϭϪ␥npϩG; ͑16͒
Ϫ p E dp dx ϭϪ␥npϩG ͑17͒
to be solved with the boundary conditions n͑L ͒ϭ0; p͑0 ͒ϭ0 ͑18͒ describing fast recombination of carriers at the respective contacts.
Integration of the system Eqs. ͑16͒ and ͑17͒ yield jϭe͑ n nϩ p p ͒Eϭconst͑ x ͒ ͑19͒
indicating continuity of the total electric current. Eliminating p from Eq. ͑16͒ with the help of Eq. ͑19͒, we obtain a firstorder differential equation for n(x). It is readily integrated, and the boundary conditions Eq. ͑18͒ are used to determine the integration constant and the unknown parameter j. This provides an expression for the quantum yield ϭ j/(eGL)
as an implicit function of a single parameter
͑20͒
It can be shown from Eq. ͑20͒ that when Ӷ1, Ӎ2, whereas when ӷ1, the quantum yield tends to unity. The parameter has a simple physical interpretation. It is a ratio of the characteristic recombination time to the average time for carriers to drift between contacts. It is fruitful to compare Eq. ͑20͒ with the quantum yield of photoresistors res ϭ( n ϩ p )E/(ͱ␥GL) taken for the same E. Based on the asymptotic behavior of Eq. ͑20͒, we can see that these quantum yields coincide for small E in symmetric structures with n ϭ p , but in all other cases res Ͼ. This comparison, however, is in many cases is purely formal since, in contrast with resistors in which the electric field E is created by an external voltage, the electric field in photodiodes us related to the built-in field of a p-n junction.
Our analysis applies not only to conducting polymers, but to semiconductors as well. However, in real crystalline semiconductors, as a rule, ӷ1, and the problem of quantum yield does not exist ͑except for the case of anomalously high density of recombination centers 15 ͒. In contradistinction, in polymers, which carrier mobilities are typically very low, Ӷ1 and quantum yield is typically very low. Now we apply the general formula of the present section to describe photovoltaic effects in composite structures. To do this, we generalize the results of Sec. II to the case of macroscopically nonuniform systems in which the concentrations of nonequilibrium carriers Q and p 0 vary along the direction of built-in electric field. For this reason we no longer assume local neutrality as expressed by Eq. ͑3͒, but consider Q and p 0 as independent variables which different spatial profiles.
We assume that the total thickness of the structure L is much greater than the distance l between inclusions. In this case we may divide our system into domains larger than l but considerably smaller than L and calculate their properties by a spatial averaging. Unless the concentration of inclusions N is very small, the average electron concentration will be determined purely by the inclusions: n ϭQN/e. The hole concentration is given by p ϭ4⑀ e a 4 kTNp 0 /(eQ). Using the formulas of Sec. II, we obtain the average recombination rate 
͑21͒
The average generation rate G is equal to 4a 3 NG i /3 for generation inside inclusions and approximately G e for generation outside inclusions.
In analogy with Eqs. ͑16͒ and ͑17͒, the continuity equations are given by
with n,p already obtained in Sec. III and boundary conditions Q(L)ϭ0; p 0 (0)ϭ0. After the substitution of R and n,p into Eqs. ͑22͒ and ͑23͒, we obtain a set of equations for n 0 ϵ3Q/(4a 3 e) and p 0 analogous to Eqs. ͑16͒ and ͑17͒, where G replaces G and ␥, n , and p are replaced by the effective values
for narrow-gap inclusions; If we now calculate the effective parameter eff using the values given above, we find that for wide-gap inclusions, eff remains unchanged compared to the unperturbed polymer matrix. For narrow-gap inclusions, eff acquires the factor exp͓Ϫ(⌬ c Ϫ⌬ v )/(2kT)͔Ͻ1. Taking into account the monotonic on given by Eq. ͑20͒, it is evident that the narrowgap inclusions decrease the quantum yield of photodiodes, whereas the wide-gap inclusions do not affect the quantum yield. This is connected with the simultaneous increase in ( p ) eff and decrease in ( n ) eff in composite structures. The qualitatively different behavior of photoconductivity and photovoltage results from the fact that photoconductivity is determined by the carriers with the higher mobility, while for the photovoltage carriers of both types are equally important.
The situation changes dramatically at the percolation threshold corresponding to 4Na 3 /3Ӎ0.2. As mentioned in Sec. III, at this density of inclusions the drift barriers disappear while the recombination barrier remains. This means that ( n ) eff Ӎ n , ( p ) eff Ӎ p whereas ␥ eff remains exponentially small in comparison with ␥ in a uniform matrix. The ultimate result is a sharp increase in to a value much greater than in uniform polymer structures.
V. DISCUSSION
In Secs. III and IV, we considered two different photosensitive structures-photoresistors and photodiodes. Their properties were shown to be influenced by second-phase in-clusions in different ways. For this reason it is especially important to elucidate which of two models describe real polymer-based photosensitive structures better. These structures usually consist of a polymer layer provided with two contacts from different materials. 5 The band diagram of such a system is shown schematically in Fig. 3 . This system suggests a photoresistor but contains a built-in electric field resulting from the difference in contact work functions and giving rise to the short-circuit photocurrent characteristic of photodiodes. A suitable mapping between this physical system and a model thus requires clarification.
The boundary conditions, Eqs. ͑18͒, correspond to the absence of carrier injection from contacts. In this case of a pure photodiode, all carriers are optically generated in the electric field region, partially recombine, and partially reach the contacts via drift. The electron and hole concentration profiles n(x) and p(x) provide the continuity of electric current. In particular, n(L)ϭp(0) p / n , so that the electron current entering the right contact is equal to the hole current at the left contact. Both types of carriers play equally important role in determining the photocurrent, so that a decrease in the mobility for either of them suppresses the quantum yield.
The contacts in Fig. 3 can in fact inject both electrons and holes into a polymer layer. The relative strength of electron and hole injections for a given contact is determined by the ratio of the activational factors exp͓Ϫ(⌽ 1,2 Ϫ)/kT͔ and exp͓Ϫ(ϩE g Ϫ⌽ 1,2 )/kT͔. Injection of one type of carriers decreases the influence of the other and lends the character of a photoresistor. Photocurrent exists even for n ϭ0 since the loss of holes into the xϭ0 contact is compensated by the injection of holes at xϭL, as in photoresistors. Photocurrent becomes equal to e p EͱG/␥ as long as it remains less than the thermoionic emission from the contact, proportional to exp͓Ϫ(ϩE g Ϫ⌽ 2 )/kT͔. In sum, real structures with the band diagram of Fig. 3 take on the character of photoresistors, at least for a low light intensity.
Thus, from the results of Sec. III, the sensitivity of such practical devices must indeed be increased considerably by any inclusions which result in the formation of type-II heterocontacts with the polymer matrix. This conclusion is in agreement with the experimental findings summarized in Sec. I, in which a variety of different inclusions, each disparate medium forming type-II contacts with the polymer matrix, increased the photosensitivity of polymer-based structures. Moreover, in full agreement with the predictions of Sec. III, the photosensitivity exhibited a steep increase near the inclusion density corresponding to the percolation threshold. 1 Another important consequence of charge separation in composite structures is the slowing down of photoconductivity kinetics, also reported experimentally. 4 According to Eq. ͑26͒, the coefficient of quadratic recombination ␥ in the presence of inclusions acquires the additional factor exp͓Ϫmin͕⌬ c ,⌬ v ͖/kT͔. This will result in an exponential increase in the characteristic time of photoconductivity relaxation, which is typical for any inhomogeneous system containing recombination barriers. 12 
